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SUMMARY

A study was made of the parameters affecting the serodynamic and acoustic
performance of high Mach number inlets using the translating centerbody and
fixed geometry configurations. The study included the effects of area ratio,
length/diameter ratio, and lip geometry on the acoustic and aerodynamic per-

formance when the rotor is at subsonic as well as supersonic tip speed.

The results support earlier findings by the authors that the translating
centerbody type inlet is superior to the collapsing cowl, both acousti-
cally and aerodynamically, especially at moderately high area ratios

A | /A
( ex1t/ throat
crucial to performance near choked flow as area ratio. Inlets operating

> 1.5). The length/diameter ratio does not seem to be as

at high Mach numbers are more effective in reducing high frequency noise.

At choked flow, however, the low frequency noise is also effectively reduced.

This study also showed that the actual amount of noise reduction depends on
the flow downstream of the throat (pressure recovery) in contradiction to
inviscid theory. Choking does not guarantee a large amount of noise reduction
if it is accompanied by high pressure loss. Thus, without boundary layer

control, choked inlets are area ratio limited.

Using the present test results, an empirical formula was derived, relating
the noise reduction to percent of maximum mass flow and pressure recovery.
Results of previous studies, where noise attenuation was related to throat
Mach number, are ambiguous and are difficult to assimilate for comparative
purposes. The percent of maximum mass flow is a more satisfactory parameter,

although accuracy in measurement is most vital.

Simulating forward speed by contouring the lips of the inlets was difficult,
and the results were inconclusive. However, the lip design had a significant

effect on the aerodynamic and acoustic performance of the inlets.

iv
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1. INTRODUCTION

Feasibility demonstrations of sonic and near-sonic inlets are numerous.
Table A in the Appendix gives a brief summary of tests that have been con-
ducted during the past few years. A large number of these were conducted
by aircraft and engine manufacturers with applications directed toward
specific engines. Despite this continual effort, and although most
demonstration-of-concept studies yield impressive amounts of noise
attenuation, this method of noise reduction has not achieved the status

of acceptability as other methods of noise reduction (i.e. acoustic

liners).

Presently, results from laboratory or full scale (static) demonstrations
have not yet been transferred to practical applications on aircraft. A
detailed understanding of the interaction of the acoustic and aerodynamic
fields is hampered by the fact that the flow is near-sonic at the throat,
making both analytical description and careful experimental measurements
difficult due to the dominance of non-linear effects. However, from a
compilation of the available data, some general trends can be discerned
which can be used to indicate certain design limits or show if some form

of boundary layer control is required.

The purpose of this research project was to develop some fundamental aero—
dynamic and acoustic information on the sonic and near-sonic inlets.
Specifically, this research program attempts to provide aerodynamic and
acoustic data of a sufficiently general nature in order to keep open the
options of various configurations in choked inlet design. The experimental
research results reported here are complemented by a continuing theoretical
study. The emphasis in the experimental study was on the translating center-

body type inlet, although comparisons are made with fixed geometry



(collapsing cowl) inlets. With the exception of one test on a Viper-8 jet
engine in 1966 (Cawthorn et al., see Appendix A), there have been no other
tests on translating centerbody type inlets outside those conducted by one
of the authors (Lumsdaine, see Appendix A). Besides type comparison, the
study involved an investigation of such parameters as area ratio, length/
diameter ratio, and lip effects to determine their influence on the acoustic

and aerodynamic performance.

For purpose of definition, sonic inlets are those where the flow is
accelerated until a sonic surface exists near the throat of the inlet and
the inlet is aerodynamically choked (or nearly so) with a corresponding
large noise reduction. These inlets are known to be very effective acousti-
cally since the only noise that camn propagate upstream in this case is the
noise escaping through the boundary layer. The problems associated with the
sonic inlet are primarily aerodynamic, that is, how to achieve a sonic
surface with the shortest inlet, with low distortion, negligible insta-

bility, and minimum pressure loss.

In the near-sonic (or accelerating) inlet the flow near the throat is at a
velocity which results in noise reduction but has not yet reached the aero-
dynamic choking point. For one-dimensional flow, such a differentation would
not be necessary since the two types of inlets need only be divided by an
arbitrary throat Mach number (say 0.8). This oversimplification, however,
can cause problems when data from different tests are compared, because for
inlets of practical length and for near-sonic velocities, the flow deviates
greatly from the one-dimensional potential flow approximation. As can be
seen in Figure 1* (from Reference 1), the centerline throat Mach number is
a very inadequate parameter, since it remains nearly constant for the three
very different flow conditions (a,b,c) with differing amounts of mass flow.
This can also lead to the mistaken notion that near sonic inlets are effec-
tive, when the throat centerline Mach number indicates subsonic flow even

though supersonic conditions exist downstream of the throat.

*The figures are given at the end of each chapter.



Another point concerns the noise attenuation characteristics. In Reference 2,
tests were conducted using an ejector with inlets of different length/
diameter ratio but with the same area ratio and noise source. The attenu-
ations obtained have different values for the same maximum average axial
Mach number. (In this report, the average throat Mach number refers to the
Mach number at the geometric throat. The maximum average axial Mach number
refers to the maximum average Mach number inside the channel taken normal
to the flow direction.) It was noted in these tests (see Figure 2) that

the shorter diffusers tend to be more effective in terms of noise reduction
at subsonic speeds, whereas the longer diffusers produce little or no noise
reduction until the flow is close to being aerodynamically choked. The
reason for this can be attributed either to a supersonic pocket near the
throat for the shorter diffusers (due to the smaller radius of curvature

at the throat) which is effective in reducing some of the noise propagated,
or to the larger axlal pressure gradient for the same overall pressure
difference. In any case, Figure 2 points out the inadequacy of plotting
noise reduction versus a single parameter (in this case the maximum axial
Mach number) since extrapolation or comparison of data will not be reliable
because conditions downstream of the throat have an influence on the noise
attenuation. The percentage of maximum mass flow is a better parameter for
plotting noise reduction. However, it is very sensitive near choke flow; a
change of about 4 percent in mass flow changes the Mach number from 0.8

to 1.0.



2. DESCRIPTION OF INLET CONFIGURATIONS

Table I gives a summary of the inlets tested. Figures 3 to 9 show the schematic
of these inlets including the area distributions at the centerbody positions
tested. Besides the two basic configurations (fixed and variable geometry) the
inlets can be classified in the following way for test identification: I. Sonic
inlet for subsonic and supersonic rotor tip speed, 2. Accelerating (near-sonic)
inlet for subsonic tip speed, and 3. Accelerating inlet for supersonic tip
speed. The rotor achieved supersonic tip speeds at approximately 22,000 rpm.
However, far field data did not show the propagation of multiple pure tones

until fan speed was in excess of 23,500 rpm.

In order to obtain the flexibility required to determine the different effects
desired in this study, the translating centerbody type inlet was used. This
type of inlet was also found to be more satisfactory in earlier concept
evaluation studies (as compared to the collapsing cowl, for example). The
present tests also confirm the translating centerbody type to be more superior

in regard to pressure loss, noise attenuation and flow stability.

Configuration 1 was used to determine the effect of sonic and near sonic flow
on noise for both subsonic and supersonic tip speeds. Configurations 2 to 4
were first used to determine area ratio effects on performance for sonic
inlets with subsonic tip speeds and later to determine lip effects for super-
sonic tip speeds. Configurations 5 and 6 were fixed geometry type inlets
mainly used for comparison purposes (aerodynamic and acoustic). The fixed
positions which were tested simulate the collapsing cowl type inlet. Con-
figurations 7 to 9 were low area ratio inlets for the primary prupose of
testing the influence of high subsonic Mach number on supersonic tip speed
rotor noise. The three basic types of lips tested were the short bellmouth,
the simulated landing (equal to 0.2 Mach number forward speed) and the
takeoff lip. The diffuser sections for Configurations 2 to 4 and 7 to 9

were nearly identical.



TABLE I =~ LIST OF INLET CONFIGURATIONS TESTED

CONF. TYPE OF {MAX. TIP SPEED LENGTH/ C.B. POS. DESIGNED MAX.MASS
No. | INLET TYPE LIP (MAX. RPM) DIAMETER (cM) AREA RATTO REMARKS FLOW (KG/SEC)
0‘0 = 19-0
5.1 - -
1 translating | flight supersonic 1.90 12.7 2.35 sonic (and near- 12.0
centerbody lip (25,000) ' 17.8 2.90 sonic) inlet 9.75
20.3 3.20 8.6
25.4 3.50 7.9
0.0 1.40 10.0
9 translating short subsonic 1.68 3.8 1.80 sonic (and near- 8.6
centerbody |bellmouth (21,000) ' 7.6 2.20 sonic) inlet 7.5
11.4 2.60 6.35
0.0 1.40 10.0
3 translating | simulated subsonic 1.68 3.8 1.80 sonic (and near- 8.6
centerbody | landing (21,000) * 7.6 2.20 sonic) inlet 7.5
11.4 2.60 6.35
0.0 1.40 10.0
, |translating flight subsonic 1.68 3.8 1.80 sonic (and near- 8.6
centerbody lip (21,000) ' 7.6 2.20 sonic) inlet 7.5
11.4 2,60 6.35
fixed simulated subsonic sonic (and near-
> geometry landing (20,000) 1.54 2.60 sonic) inlet 6.35
fixed simulated subsonic sonic (and near~
6 geometry landing (20,000) 1.54 2.30 sonic) inlet 7.3
fixed short supersonic - near sonic
7 geometry |bellmouth (25,000) 1.68 1.20 inlet 15.2
fixed simulated| supersonic - near sonic
8 geometry landing (25,000) 1.68 1.20 inlet 15.2
fixed flight supersonic _ near sonie
9 geometry lip (25,000) 1.68 1.20 inlet 15.2




3. PROCEDURE FOR INLET DESIGN

Two types of inlets were designed for these tests: 1) with a translating
centerbody and 2) without centerbody. The translating centerbody type
inlets were designed to produce a high pressure gradient near the throat;
the inlets without centerbody were designed with a more gradual pressure
gradient for the same overall area ratio. The sharp pressure gradient was
placed near the throat (where for transonic flow the streamlines are very
stiff) because earlier tests conducted under this program showed that for

a given overall pressure ratio, sound attenuation at near sonic conditions
was more effective when the pressure gradient was high. This is also evident
from Figure 2. Recent tests by General Electric3 confirmed this effect.
Because a high constant Mach number section (constant area) is also effec-
tive in reducing the noise, particularly for supersonic tip speeds, a rapid
diffusion near the throat was followed by a constant area section in the

design.

The length/diameter ratio for the area ratios of the preliminary design was
selected based on some earlier work which found that an optimum length/
diameter ratio existed for a given area ratio. Figure 10 shows the results
of some earlier tests conducted under this program using six annular-type
inlets of different diffuser lengths but with the same area ratio of 3.2.
Although parameters such as throat blockage due to boundary layer develop-
ment and increasing Mach number have a considerable effect on decreasing
the pressure recovery, this does not seem to have a significant influence
on the optimum point. Also, a literature search uncovered a large number of
tests with circular and square diffusers; some of the important results are
compiled in Figure 11 which shows the approximate relationship between area
ratio and optimum length/diameter ratio. qu the case of annular diffusers

the number of tests that could be used for such a graph were not as numerous;



they are brought together in Figure 12. The term "flow diameter" for an
annular diffuser indicates the inner diameter minus the centerbody
diameter at the. exit. From these graphs it can be seen that the centerbody
type inlet requires a shorter length for the same area ratio than an inlet

without centerbody.

From an initial estimate of the length/diameter ratio for a given area ratio
requirement, the inlet was designed based on a smooth area progression for
both the choked and unchoked positions. After the contour was laid out, a
transonic potential flow program4 was used to calculate the flow field. The
results were then substituted into a boundary layer program to determine
corrections for the contour. In almost all these calculations, some flow
separation was predicted by the boundary layer analysis because of the wide
range of operating conditions occuring in the inlet and in order to keep

the inlet within reasonable length for a given area ratio. Figures 13 to 17

give the streamlines and Mach number distribution along the wall and center-

body for Configuration 1 (takeoff configuration or flight 1lip) for five of the

centerbody positions tested. These results were used in the boundary layer
program to determine boundary layer growth. Because of the high adverse
pressure gradient when the centerbody is translated to 12.7 cm and beyond,
some flow separation had been predicted from boundary layer calculatiomns.
However, for this particular comnfiguration, the actual separation was more
severe as indicated by the experimental surface pressure distribution and
the total pressure probes at the exit. The experimental surface Mach numbers

are also indicated on these figures.

Three types of lips were designed: the flight 1lip, the contoured lip simu-
lating the streamline at 0.2 freestream Mach number, and a short bellmouth.
Furthermore, the fixed geometry inlets were designed with a straight wall
since contouring the wall does not have a significant influence on the aero-
dynamic performance. These inlets were designed with a slightly shorter
length than the optimum (if Figure 11 is followed) for the purpose of main-
taining the same area ratio and approximately the same length/diameter ratio
as the translating centerbody type inlets (see Table I) in order to compare

the effectiveness of the two types of inlets.



4, TEST FACILITY, INSTRUMENTATION AND PROCEDURE

The inlets were tested in the anechoic-chamber transonic compressor facility
of the NASA-~Langley Research Center. The test vehicle was a 30.5 cm-tip
diameter single-stage transonic compressor with 19 rotor blades. Figure 18
shows the anechoic chamber facility with one of the choked inlets in place.
The far field noise measurements were made with a movable boom microphone

(foreground) at 4.57 m from the inlet.

Figure 19 shows the instrumentation room where the speed of the compressor,
the position of the translating centerbody, and the boom microphone position
were controlled. In addition, aerodynamic output was recorded on punch cards
from the scanivalves, and acoustic output was recorded on magnetic tape. On-
line far field noise data were taken with a 1/3-octave real-time analyzer at
two locations by an independent system for comparison and quick-look monitor-
ing. The following aerodynamic instrumentation was used:

1. Four static pressure taps were located circumferentially upstream of
the cowl highlight.

2. Sixty static pressure taps located axially in two circumferential
stations (12 on one and 48 on the other) were used for Configura-
tion 1; 45 were used for each of the other configurations. In
addition, there were 12 static pressure taps on each centerbody.

3. One kiel head total pressure traverse probe and two 20-element total
pressure rakes were located at the exit plane of the inlet.

4. One fixed kiel head probe read pressure and temperature at the exit
plane.

5. Centerbody translation was controlled by a hydraulic cylinder. The
centerbody position was indicated by a voltmeter at the control

panel.



A schematic of some of the aerodynamic instrumentation and their approximate
location is shown on Figure 20 for a translating centerbody type inlet and

on Figure 21 for a fixed geometry type inlet.

The acoustic instrumentation consisted of

1. A travelingboom 0.635-cm condenser microphone located 4.57 m from
the inlet plane and reading at 15-degree increments,

2. 0.635-cm condenser microphones also located at 4.57 m for on-line
data acquisition,

3. an acoustic traversing probe placed at the exit plane of the inlet,
and

4. four flush-mounted 0.635 cm microphones (or six depending on the

inlet) located on the cowl as shown on Figures 3 to 9.

All microphones were calibrated before and after each test. The boom micro-
phone measured the far field noise at 15-degree intervals from O-degrees to
90 degrees. Two far field microphones at O-degrees and 15-degrees recorded
the far field data continuously and were monitored on a 1/3~octave real-time
analyzer. This analyzer was also used to monitor choking speed and to regu-
late the operating points for the compressor. Acoustic traverses were made
only near the choke point and traverse data were recorded for a minimum of
10 seconds (for stabilization) at each point. Steady acoustic data (on walls,
far field, etc.) were recorded for a minimum of one minute at each data
point. Only one traverse probe was operated at a given time. The acoustic

traverse was immersed at five radial positions for data acquisitiom.

Aerodynamic inlet performance data were recorded on punch cards, with each
parameter sampled several times per data point. The total pressure kiel probe
data was recorded on an X~Y plotter. Data were recorded at fixed immersion

points and continuously during the traverse; each fixed immersion was sampled

for 10 seconds.

Typically, the test operation for a tramslating centerbody inlet followed

this sequence: With the centerbody completely retracted, the compressor rotor



was gradually accelerated to some prescribed maximum rpm and stabilized;
acoustic and aerodynamic data were recorded at prescribe& intervals during
this acceleration, and the centerbody was then translated to the next test

position.

The on-line 1/3-octave real-time analyzer monitored the sound levels until
the choking (acoustic) rpm point was reached. Data were recorded for several
rpm and centerbody positions. The back pressure ratio was adjusted to near
maximum (blade stall) and also to minimum (valve wide open) with one inter-
mediate point to give different blade loading for the same rpm. A typical
set of data points for a given centerbody position is shown in Figure 22 for
inlet Configuration 1. Other inlets were run with the back pressure valve

wide open only.

10



5. DISCUSSION OF RESULTS

Noise attenuation for inlets under near-sonic conditions seems to depend on
the source (tip speed, peak frequency) as well as on the flow conditions

(axial velocity gradient, radial gradient, peak Mach number); thus the choice
of parameters to represent the acoustic and aerodynamic conditions should be
made very carefully. Figures 23 to 27 give the five parameters which largely
define the performance of inlet Configuration 1: a) noise attenuation,

b) mass flow, c) average maximum Mach number (cowl and centerﬁody), d) pressure
recovery, and e) pressure distortion. The detailed Mach number distributions
along the cowl and centerbody for each one of these data points are given in

a separate volume (presently being compiled). The constant noise attenuation

lines on the mass flow versus rpm graphs (i.e. Figure 24) are interpolations.

For this inlet only, the noise attenuation values were taken with respect

to the fully retracted position. For all other configurations, the values
were taken with respect to a baseline, normally without the centerbody. It

is typical of high area ratio short inlets that the noise attenuation is

very gradual, that is, the noise does not drop rapidly as the choke point

is approached. This was also evident in past tests using an ejector. In
Figure 2 (for the same area ratio but different lengths), the noise reduction
as a function of rpm is gradual for the shorter inlet but increases sharply
for the long inlet. The distortion level for this high area ratio short inlet

is very low, due to a long constant area section downstream of the throat.

Figures 28 to 42 are performance results for inlet Configurations 2 to 4.
These configurations differ only in the shape of the lip; the centerbody
and the diffusers are the same. For these inlets with relatively low area
ratios, noise attenuation is quite sudden and occurs within 5 to 10 percent

of maximum mass flow as can be seen from Figures 43 to 45 where the far
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field noise is plotted as a function of mass flow. The noise reduction
occurs for all three configurations in the interval of 90 to 100 percent
of mass flow. It should be noted that the major noise drop is within a
narrow (5 percent) range of mass flow. On a one-dimensional basis, this
means a move from very little noise reduction to almost full choke for

a 5 percent change in area. Near Mach one, a 5 percent change in area
causes the average Mach number to change from 0.75 to 1.0. Also, when
the centerbody was translated, there was an increase in the noise level

from the compressor. This can be readily seen in Figures 28, 33, and 38.

As a result of mechanical problems in the design, a slightly higher
pressure loss than expected was encountered with the translating type
inlet because there was a discontinuity between the cylinder and center-
body (which slid over the cylinder). Also, there was a groove which was
exposed when the centerbody was translated forward. This groove was
necessary in order to keep the centerbody from rotating, but when a
configuration was tested with the centerbody, the presence of the groove
may have contributed to the increased far field noise. The noise level
rose as the centerbody was translated further, exposing a larger segment
of the groove (i.e. see Figure 45). Also, with the centerbody translated,
the higher pressure gradient caused some flow separation which contributed

to the increased noise level.

Figures 46 to 50 show the performance results for two fixed-geometry type
inlets (simulating a collapsing cowl type inlet) without centerbody. Al-
though the area ratios are not very high (see Table I), both inlets per-
formed very poorly. The flow was so unstable ‘and the monitor for the far
field noise showed such large variations that the average noise reduction
shown on Figure 46 is very approximate. It appeared that even under choke
conditions the amount of noise reduction was very small. The test was
discontinued at around 17,000 rpm because of severe pressure and acoustic
fluctuations for inlet Configuration 5, and at 19,000 rpm for Configura-
tion 6. The high distortion can be seen on Figure 50. Note that the Mach
number plot (Figure 48) is represented by the wall Mach number and not the

average Mach number as in the previous graphs. The average values would be

12



lower than the peak wall Mach number. Figure 51 is a graph of noise reduction
as a function of mass flow for Configurations 5 and 6. These poor results
were quite unexpected, since the same guidelines were followed in the design

of Configurations 5 and 6 as for the other inlets.

Configurations 7 to 9 were run to obtain baseline data for Configurations
2 to 4 as well as data for noise reduction at high throat Mach numbers
when the fan is at supersonic tip speeds. They were also used to determine
the 1lip effect. Figures 52 to 55 show the basic flow characteristics of
Configurations 7 to 9. Note that here, too, the Mach number plot is re—
presented by the wall Mach number and not the average Mach number. Figure 56
shows the far field acoustic characteristics for these three inlets (with
Configuration 1 at 0 cm centerbody displacement given for comparison). For
lower rpm (lower Mach number) the inlet with the centerbody appears to
give a few decibels more attenuation than the same inlet without center-—
body. This is only true when comparisons are made with the centerbody re-
tracted. Although Configuration 9 (flight 1lip) has a consistently higher
noise level at lower rpm this is decreasing more rapidly at higher rpm.
This is more evident from the results of blade passage frequency shown in
Figure 57. Thus the high velocity around the lip seems to influence the

attenuation.

Figure 58 shows the frequency spectrum for inlet Configuration 2 at approxi-
mately 17,500 rpm (an exact rpm is difficult to maintain) and different
centerbody positions. It can be seen that the amount of noise reduction at
the blade passage frequency is much higher than the overall noise reduction
and that the higher frequencies are attenuated much more than the lower
frequencies for high Mach numbers. At fully choked conditions, however, the
amount of noise reduction of the different frequencies is more uniform, as

seen in Figure 59.
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6. COMPARISON OF RESULTS

Configuration 1 was used to test choking at very high area ratios (maximum
of 3.5) while maintaining a reasonable length/diameter ratio of 1.9. The
remaining configurations were shorter with lower area ratios. These con-
figurations showed some flow separation when the centerbody was near
maximum translation. The computer program required the introduction of a
forward speed (free stream Mach number = 0.1) which is acceptable during
flight but does not represent the static test conditions accurately. The
acceleration around the 1lip in Configuration 1 during static tests caused

some separation and is partially responsible for the low pressure recovery.

In comparing Configurations 2 to 4 to determine the influence of the lip,
Figure 60 shows the difference in noise reduction for the three lips with
the centerbody retracted. It is seen that at lower rpm there is some noise
reduction for the flight lip but not for the contoured lips. The accelera-
tion around the lip causes a high-velocity pocket around the lip which

improves the acoustic performance, but decreases pressure recovery.

Figures 61 to 64 show the influence of the lip on noise attenuation and
pressure recovery at different positions of the centerbody. The short bell-
mouth appears to have better noise reduction characteristics than the flight
lip. Contouring the 1ip slightly (to simulate approach streamline patterns)
does not seem to improve the noise reduction characteristics. In fact, at
some higher mass flow rates, the flight lip appears to have a higher noise
reduction for the same pressure loss compared to the simulated landing lip.
For small area ratios, the pressure recovery is high enough so that changes
in the lip do not have a large effect on the pressure recovery. The differ-
ence in pressure recovery seems to increase for increasing area ratios until

a fairly large area ratio is reached. With forward speed, the flow will more
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closely approximate the short bellmouth, and thus the noise reduction and
pressure recovery should improve over static conditions. Tests in Reference 5
showed that during choke and with 100 feet/sec upstream blowing the pressure
recovery increased only slightly. However, the area ratio for these inlets
was large; thus it appears for high area ratio, forward speed may not in-
crease the pressure recovery and noise attenuation but should do so for low
area ratio. This is also consistent with the results of Figures 61 to 64.
When Figures 61, 62 and 63 are compared with Figure 64 (large area ratio),

it is seen that there is very little difference between the simulated landing

lip and the short bellmouth.

Figure 65 compares the lip effect with and without centerbody for two con-
figurations (short bellmouth and flight lip). Considering the case without
centerbody, it is quite clear that noise reduction is more gradual for the
case of the flight lip (Configuration 4) than for the short bellmouth. The
noise reduction for the short bellmouth occurs quite suddenly and over a
very small span of increasing rpm. This also points out the difficulty of
simulating forward speed using static tests. Figure 66 is a polar plot of
the far field noise at 15-degree intervals for the fixed geometry inlets
(Configurations 7, 8 and 9). The difference in the lip shape causes a
slight dip at an angle of 15 degrees for the case of the contoured lip;

for the flight lip, the distribution is quite uniform.

Figure 67 shows the influence of a change in compressor pressure ratio on
noise. Variation in the back pressure of the compressor does not seem to
change the noise in the far field, except when the back pressure is high
enough to cause the inlet to go from choke point to unchoke; however, the
mass flow also drops. As seen from this figure, there is very little change
in the far field noise as a result of changing the compressor back pressure
for the same mass flow. The data points were slightly scattered; thus the
straight lines are only approximate. The influence of compressor blade
loading on far field noise with the inlet at high Mach numbers is an im-
portant problem, and further tests are necessary to gain more precise and

useful information in this area.
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Figure 68 is a comparison of the results of the present tests with data
published in Reference 3 using the same compressor running at supersonic
relative Mach numbers at the tip. It was found that the amount of noise
reduction was much less than that predicted by the methods of either

Fisher6 or MattheWS7.

The crucial aerodynamic parameters for any inlet to be used on an aircraft
engine are pressure recovery and distortion, and low pressure recovery is
usually coupled with high distortion. The controlling geometric parameters
are length/diameter ratio and area ratio. The area ratio required is dic-
tated by a given application, and the optimum length/diameter ratio is
selected from which the best design contour is made. It appears that large
area ratio choked inlets would be difficult to design with realistic
lengths. For example, without modification to the JT3D engine, if it were
necessary to design the inlet to choke (or nearly choke) during approach
for a Boeing 707 with normal load and full flaps, an area ratio of higher
than three would be required. But for a STOL aircraft with blown flaps,

the required area ratio would be less than two. The influence of area

ratio on aerodynamic and acoustic performance thus was one of the parameters
studied, and Figure 69 gives a comparison of inlets with different area
ratios and length/diameter ratios. It appears here that the length/diameter
ratio is not as crucial as the area ratio. For large area ratios, the choked
inlet seems to produce high losses and distortion even with a centerbody-

xit/Athroat
less than 2), the choked inlet operates with acceptable pressure recovery and

type inlet. For the centerbody-type inlet with low area ratios (Ae

distortion and from all indications appears tg provide stable flow.
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7. EMPIRICAL EQUATIONS TO ESTIMATE NOISE ATTENUATION

Assuming the forward and rearward noise distribution from the fan to be
equal and assuming that the mean flow velocity is one-dimensional and
constant, the sound propagation from a cylindrical element dA 1is, in the

forward direction,

- - waW - I
aig = (- wS (1-1 Zr dodr (1)
and rearward
aw_ = 1+ M)iizE = (L+M %-r a9 dr (2)

where I 1is the sound intensity, M the Mach number, r the radial
position, Wf, Wr the total forward and rearward propagating sound power,

and © the angular position.

When Equations (1) and (2) are integrated over a circular plane, the

following correction factors are obtained:

Thus the noise reduction in the forward direction due to the opposing flow

is

1
T3 (3

AdB = -10 log C, = -10 logl

This empirical formula has been used to estimate noise reduction in high
speed flows’g’lo. A modification of this formula (again using the mean

throat Mach number as the variable) was suggested in Reference 8. The
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problem with using these formulas is the lack of a proper definition for

the Mach number of an actual inlet and is quite evident From Figure 1.

It is more realistic to describe noise reduction with an empirical formula
based on percent of maximum mass flow. One such formula was recently given
in Reference 11: for one-dimensional isentropic flow of air, the relation-

ship between Mach number and percent mass flow is

. s _ 243
m/mmax = 1,73M(1+0.2M%) (4)

Equation (3) can be rewritten in the form

AdB = -10 log] (5)

1 ]
1- f(ﬁ/ﬁmax)

To determine f(ﬁ/ﬁmax) from experimental data, it was found that a
function such as (ﬁ/ﬁmax)l ¢, where 0<a <1, appears to best fit the
experimental data. The constant o appears to depend on the pressure
recovery near choke point. Figure 70 shows the value of o as a function
of pressure recovery. The probable cause of the relationship between o

and pressure recovery is that for inlets with relatively low pressure re-
covery, there exists a rather thick boundary layer where the noise can
escape. This is the reason why there exists a large variation in the
reported results of the effectiveness of choked inlets (from a few decibels
as given by Cawthorn et al to over 40 dB in some references such as 5,8,14).
Inlets with high losses will not produce large noise reductions even though
the flow is choked. However, high loss inlets normally produce larger noise
reduction than inlets with low loss at subsonic Mach numbers, possibly
because of the large gradients existing in these inlets. This phenomenon is

now the subject of further investigation.
Figures 71 and 72 are comparisons of Equation (5) with experimental data

reported in References 14 and 15. Reference 14 used the ejector as a source,

and Reference 16 used a 12-inch compressor. Also plotted for comparison is
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Equation (3). It is not necessary to compare Equation (5) with the present
results since the curve for o versus pressure recovery was derived by
using the present experimental data; obviously the empirical formula agrees

very well with the experimental results.

However, in order to gain some confidence in the method, the pressure
recovery for two types of diffusers was calculated for different area
ratios and at two mass flow ratios of interest. The results are shown on
Figure 73. The lower curves are for large area ratio diffusers, and the
upper curves are for straight wall diffusers with near-optimum length/
diameter ratios. In each case, the initial boundary layer thickness was con-
sidered small. These curves, together with Equation (5), can be used
effectively to estimate the amount of noise reduction for a given inlet.
Consider the case of three inlets with an area ratio of 2.2, Using the
upper set of curves, several pressure recoveries can be determined for
mass flow ratios between 94 percent and 100 percent. Each point then
determines a value of o and consequently the noise reduction. The
approximate curve is shown on Figure 74; it appears to estimate the noise

reduction quite well when compared with experimental results.

For the case of blade passage frequency tones, Equation (5) should be

modified to

1
AdB = -10 B logl 1 (6)
1- G/ )H°

Present tests and those reported in Reference 8 indicate that B 1increases
with increasing frequency. Further work is presently being planned to de-
termine the influence of high speed flow on the attenuation of various

frequencies.
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8. CONCLUSION

Some general qualitative remarks concerning high Mach number inlets appear
appropriate following the detailed examination of data from these tests as
well as from other sources (listed in Table A of the Appendix). Whether a
choked inlet can actually be used depends to a large extent on the maximum
area ratio required for a particular application. As shown in Figure 10,
increasing the length of the inlet for a given area ratio does not
necessarily increase the pressure recovery near transonic flow, or assuming
that a very long inlet is pracfical for a given application requiring a
large area ratio for choked flow does not assure a high pressure recovery.
Thus without boundary layer control, choked inlets are area-ratio limited.
It appears that for low area ratios, high Mach number inlets can be used to
reduce noise with sufficiently high pressure recovery and acceptable
distortion if the favorable effects of forward speed are added which tend

. . . 1
to reduce the distortion and increase the pressure recovery .

Boundary layer control can always be used to increase recovery and reduce
distortion. For inlets with high area ratios this may be necessary. Vortex
generators are only nominally effective when properly placed and when the
degree of separation is small. Injection can be effective and is easily
added because of the high pressure source available on the aircrafflz.
Suction is an alternative since the high pressure source can be used to

drive an ejector.

For low area ratios (less than 1.5) fixed geometry inlets without centerbody
appear feasible. This type of inlet, however, will require a change in the
engine operating cycle to maintain high mass flow during landing. This can
possibly be done by using a variable geometry exit nozzle which can also be

used to maintain choked flow during landing.

1Private communication from B. Miller, Lewis Research Center.
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For higher area ratios, the centerbody type inlet appears superior when
compared to the collapsing cowl type for the same area ratio and length/
diameter ratio. The inlets without centerbodies have performed poorly both
acoustically and aerodynamically when compared to the centerbody type. The

translating centerbody can also be modulated to maintain choked flow during

1andingl3. For hybrid inlets the centerbody type inlet provides an

additional advantage because of the curvature. For these high Mach number
inlets with liners, the centerbody type provides a reduced channel height
and additional surface for treatment; both of these are favorable factors

in noise control, improving the effectiveness of acoustic liners.

At high Mach numbers, noise reduction appears to be frequency-dependent.

The relationship between the amount of attenuation, frequency, and flow
conditions is being further investigated. The present trend suggests that
high Mach numbers are more effective in reducing high-frequency noise.

Most of the noise reduction from high Mach number inlets takes place at a
value of m/my,y between 90 and 100 percent. On a one-dimensional basis, this
means a throat Mach number variation of 0.68 to 1.0. Despite the problem of
accuracy, the measured percent mass flow plotted against attenuation is a
better parameter for comparison between inlets than the throat Mach number.

Thus the equation relating noise reduction to Mach number

AdB = -10log(l/ 1-M)

should be rewritten in the form

1

AdB = -10 logf 1
1- (ﬁ‘/ﬁ’max) /o

where 0 <0 £ 1 and o depends on the pressure recovery.
The amount of noise reduction depends on the flow downstream of the throat.

Thus inlets with high losses will not produce large noise attenuation even

when aerodynamically choked.
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FIG.69 EFFECT OF AREA RATIO ON NOISE ATTENUATION AND PRESSURE RECOVERY
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FIG.71 COMPARISON BETWEEN EMPIRICAL EQUATIONS AND EJECTOR TEST DATA
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TABLE A

REVIEW OF WORK ON SONIC AND NEAR-SONIC INLETS

Year Author(s) Paper Type of Test
1961 Sobel and Welliver Noise-Control, Vol.7, No.5 Sonic inlet tests with centerbody on
CURTISS-WRIGHT compressor and Olympus-6 turbojet
1964 McKaig, BOEING Document T6-3173 SST-type inlet on J-75 engine
1966 Sawhill, BOEING Document D6A 10155-1 Ejector test with 12.7-cm SST-type inlet
1966 Anderson, BOEING Document D6A 10378-1 TN Ejector tests with 12,7-cm SST-type inlet
1967 Cawthorn et al., NASA TN D-3929 SST~type inlet with Viper-8 jet engine
1968 E.B. Smith et al. TR DS-68-7, Contract Model cascade
GENERAL ELECIRIC FA65WA-1236, FAA
1968 Chestnutt TN D-4682 Ejector tests with cambered and
NASA uncambered air-foils
1968 Higgins et al., BOEING SP-189, pp. 197-215, NASA JT3D engine with contracting cowl
1969 J.N. Smith and Higgins Document D6-23469 JT3D engine
BOEING
1970 Putnam and R.H. Smith TN D-5692 Static test with XB-70 airplane
NASA
1971 Chestnutt and Clark ™ X-2392 Variable geometry cascade inlet tests
NASA with ejector
1972 Anderson et al., BOEING Document D6-40208 Grid and radial type vane inlet with fan
1972 Lumsdaine 72 Inter—-Noise Proceedings Model tests of several inlets with ejector
SOUTH DAKOTA STATE U.,
UNIVERSITY OF TENNESSEE
1973 Klujber, BOEING Document D6-40855 (Vols. Transonic 0.35-m dia. fan using inlets

(cont.)

I, II, IIT)

with low area ratio (max. A2/A1 = 1.6)
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TABLE A cont.)

Year Author(s) Paper Type of Test

1973 Miller and Abbott ™ X-2773 Small fan with cross flow at various
NASA angles with translating centerbody

(two positions only)

1973 Kutney Work in progress (also G.E. Tests with Langley transonic compressor
GENERAL ELECTRIC Report No. R-73-AEG-412) with expanding centerbody (A2/A1 = 2,6)

1973 Compagnon NASA CR-134495 Study of engine variable geometry systems
GENERAL ELECTRIC with high Mach number inlets - collapsing

cowl inlet recommended

1974 Lumsdaine Second Interagency Symposium Tests with Langley transonic compressor

UNIVERSITY OF TENNESSEE on University Research in with various area ratios and various
Transportation Noise types of inlets (max. A2/Al = 3.6)

1974 Lumsdaine and Jibben To be presented at the 1975 First test of an automatic control
SOUTH DAKOTA STATE U., ASME Automatic Control Conf., system designed for the choked inlet
UNIVERSITY OF TENNESSEE Houston, Texas

1974 Groth ATAA paper 74-91 Translating centerbody with radial vanes
NASA tested with a J-85 engine

1974 Koch et al. ATAA paper 74-1098 Fixed geometry inlet tested with model fan
ALLISON DIVISION, GM (1/5 scale of advanced fan)

1974 Lumsdaine and Clark Second Interagency Symposium Results of choked inlets tested with
UNIVERSITY OF TENNESSEE on University Research in 30.5-cm fan
and NASA Transportation Noise

1975 Lumsdaine 75 Inter-Noise Proceedings Sonic and near-sonic inlet tests with
UNIVERSITY OF TENNESSEE NASA Langley transonic compressor

1975 B. Miller et al. NASA TM X-3222

NASA

Effect of lip design on acoustic and aero-
dynamic performance of high Mach number
inlets, tests at different angles of attack
in wind tunnel, siren source



